Telomere maintenance by telomerase is critical for the unlimited division potential of most human cancer cells. The two essential components of human telomerase, telomerase RNA (hTR) and telomerase reverse transcriptase (hTERT), are recruited from distinct subnuclear sites to telomeres during S phase. Throughout the remainder of the cell cycle hTR is found primarily in Cajal bodies. The localization of hTR to Cajal bodies and telomeres is specific to cancer cells where telomerase is active and is not observed in primary cells. Here we show that the trafficking of hTR to both telomeres and Cajal bodies depends on hTERT. RNA interference-mediated depletion of hTERT in cancer cells leads to loss of hTR from both Cajal bodies and telomeres without affecting hTR levels. In addition, expression of hTERT in telomerase-negative cells (including primary and ALT cancer cell lines) induces hTR to localize to both sites. Factors that did not stimulate hTR localization in our experiments include increased hTR RNA levels and Cajal body numbers, and expression of SV40 large T antigen and oncogenic Ras. Our findings suggest that the trafficking of telomerase to Cajal bodies and telomeres in cancer cells correlates with and depends on the assembly of the enzyme.
INTRODUCTION
Telomerase is a ribonucleoprotein (RNP) reverse transcriptase that utilizes a short motif within its integral RNA subunit (telomerase RNA or TR) to synthesize the DNA repeats that form the core of the telomere (Greider and Blackburn, 1987) . In humans, the enzyme's activity is restricted to early prenatal development and the resulting telomeric repeats last throughout the normal lifespan of the organism (Wright et al., 1996; Cong et al., 2002) . Most adult somatic tissues contain low or undetectable levels of the catalytic telomerase reverse transcriptase (hTERT) and telomerase activity, resulting in shortening of the telomeres and a limited replicative capacity (Harley et al., 1990; Allsopp et al., 1992; Kim et al., 1994; Cong et al., 2002; Masutomi et al., 2003; Shay and Wright, 2005) . Although relatively inactive in the majority of adult somatic tissues, telomerase is reactivated in over 90% of human cancers, and telomere maintenance by telomerase is critical for the continued proliferation of these cells (Kim et al., 1994; Shay and Bacchetti, 1997; Shay and Wright, 2002) .
Previously, our lab and that of Tamas Kiss reported cell cycle-regulated trafficking of hTR (and hTERT) in cancer cells that appears to reflect a cellular mechanism by which human telomerase activity is controlled Tomlinson et al., 2006) . The data indicate that access of hTR and hTERT to telomeres is restricted to S phase Tomlinson et al., 2006) when telomere synthesis occurs (Ten Hagen et al., 1990; Wright et al., 1999) . hTR is found in Cajal bodies in cancer cells during most of the cell cycle Tomlinson et al., 2006) . hTERT is similarly mobilized from separate nuclear foci to telomeres at S phase in human cancer cells Tomlinson et al., 2006) . In addition, during S phase near the time of telomere localization, both hTR and hTERT can be observed in foci directly associated with Cajal bodies Tomlinson et al., 2006) . Cajal bodies have been postulated to serve as sites of telomerase maturation and assembly and to deliver active telomerase to the telomere (Jady et al., 2004 Zhu et al., 2004; Matera and Shpargel, 2006; Tomlinson et al., 2006; Cristofari et al., 2007) . Although hTR is expressed in primary (normal) human cells, it does not accumulate at Cajal bodies, telomeres, or any other intranuclear structures and is instead found diffusely distributed throughout the nucleoplasm (Zhu et al., 2004) .
Here, we have taken advantage of the differences between normal and cancer cells to better understand the trafficking of hTR. We examined a variety of factors that differ between normal and cancer cells in order to identify factors that impact hTR localization. Our results indicate that hTERT is a key determinant in hTR trafficking and is essential for the localization of hTR to both Cajal bodies and telomeres.
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MATERIALS AND METHODS

Cell Culture and Transfection
HeLa, VA13, VA13ϩhTR, VA13ϩhTRϩhTERT, GM847, and GM847ϩhTERT cells were grown on coverslips in DMEM (Mediatech, Herndon, VA) supplemented with 10% fetal calf serum (FCS; Mediatech, Manassas, VA). IIICF-T/C3 cells (Bryan et al., 1997) were grown in RPMI (American Type Culture Collection [ATCC], Manassas, VA) supplemented with 10% FCS. IMR90 and IMR90ϩhTERT primary fibroblasts were grown in minimum essential Eagle's medium (ATCC) with 10% FCS. MCF7 cells were cultured in minimum essential Eagle's media supplemented with 0.01 mg/ml bovine insulin (Sigma-Aldrich, St. Louis, MO) and 10% FCS. All human mammary epithelial (HME) cells (Elenbaas et al., 2001) were grown in MEGM media supplemented with bovine pituitary extract (BPE; Cambrex, Walkersville, MD). All cells were cultured at 37°C with 5% CO 2 . To increase Cajal body numbers in primary cells, IMR90 and HME cells were cultured at 32°C for 24 h before fixation as described (Carmo-Fonseca et al., 1993) . Transfections were carried out using Fugene transfection reagent, according to the manufacturers protocol (Roche, Indianapolis, IN). For hTR overexpression, cells were transfected with construct encoding hTR under control of the U1 promoter (Li et al., 2004) . For hTERT RNAi, cells were transfected with an shRNA against hTERT or empty vector control plasmid (Masutomi et al., 2003) . Twenty-four hours after transfection, cells were selected with 1 g/ml puromycin for 48 h before analysis.
hTR Fluorescence In Situ Hybridization
hTR fluorescence in situ hybridization (FISH) was performed using a combination of three cy3-conjugated DNA probes complementary to different regions of telomerase essentially as described (Zhu et al., 2004; Tomlinson et al., 2006) . Cells were grown on coverslips overnight and then washed once with 1ϫ phosphate-buffered saline (PBS; 137 mM NaCl, 10 mM Na 2 HPO 4 , 2.7 mM KCl, and 1.4 mM KH 2 PO 4 , pH7.4) and fixed with 4% formaldehyde (Electron Microscope Sciences, Fort Washington, PA), 10% acetic acid, and 1ϫ PBS for 10 min at room temperature. After two PBS washes, cells were permeablized in 70% ethanol overnight at 4°C. When hTR FISH was combined with visualization of green fluorescent protein (GFP), cells were fixed in 4% formaldehyde in 1ϫ PBS for 10 min at room temperature. After two PBS washes, cells were permeablized in 0.2% Triton X-100 (Sigma-Aldrich) in 1ϫ PBS for 5 min at 4°C. Cells were rinsed twice in 1ϫ PBS and once in 50% formamide (Sigma-Aldrich), 2ϫ SSC before FISH.
Immunofluorescence
After hTR FISH, cells were washed three times with 1ϫ PBS and were incubated with either one or both of the following primary antibodies at the indicated dilution for 1 h at room temperature: mouse anti-p80 coilin to mark Cajal bodies (1:10,000; gift from G. Matera, Case Western Reserve University, Cleveland, OH), mouse anti-TRF2 (1:1000, Upstate/Millipore, Billerica, MA) or rabbit anti-TRF1 (1:100, gift from Susan Smith, Skirball Institute, New York, NY) to mark telomeres. Cells were washed three times in 1ϫ PBS and then incubated with secondary antibody (1:100 of Cy2 conjugated goat anti-rabbit IgG (HϩL), 1:100 cy2 conjugated goat anti-mouse IgG (HϩL), and/or 1:100 Cy5 conjugated goat anti-mouse IgG␥) for 1 h at room temperature. hTERT immunofluorescence (IF) was performed essentially as described (Masutomi et al., 2003; Tomlinson et al., 2006 ) using a 1:5000 dilution of 2C4 monoclonal hTERT antibody (Abcam, Cambridge, MA) and a 1:100 dilution of cy2-conjugated goat anti-mouse IgM secondary antibody. All antibodies were diluted in 0.05% Tween-20 in PBS (PBST) and all secondary antibodies were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA). Cells were then subjected to three final 1ϫ PBS washes and mounted in either 90% glycerol, 1 mg/ml -phenylenediamine, 1ϫ PBS, and 0.1 g/ml 4Ј6-diamidino-2-phenylindole (DAPI) or Prolong Gold (Molecular Probes/Invitrogen, Carlsbad, CA).
5-Bromodeoxyuridine Labeling
Before fixation, cells were incubated with 100 M bromodeoxyuridine (BrdU; Sigma-Aldrich) for 30 min at 37°C. The cells were fixed as described above and denatured in 70% formamide (Sigma-Aldrich), and 2ϫ SSC for 5 min at 80°C. After three PBS washes, BrdU was detected using a monoclonal BrdU antibody (1:1000, G3G4; Developmental Studies Hybridoma Bank, Iowa City, IA) and aminomethylcoumarin acetate (AMCA)-conjugated secondary antibody (1:100; Jackson ImmunoResearch) for 2 h at room temperature. Both antibodies were diluted in PBST. After three PBS washes, coverslips were mounted as described above. In cases where hTR FISH was to be performed, cells were fixed again in 4% formaldehyde in 1ϫ PBS for 10 min at room temperature and washed twice in PBS.
S phase Synchronization
Synchronous populations of IMR90 and IMR90ϩTERT cells were obtained by double thymidine block. Cells were treated with 2 mM thymidine (SigmaAldrich) for 36 h. Cells were released by rinsing twice with 1ϫ PBS and incubated in normal growth media for 12 h. Cells were retreated with 2 mM thymidine for another 36 h. At various time points after release, cells were fixed and analyzed by BrdU labeling and FISH.
Microscopy
Images were obtained with the Zeiss Axioskop 2 Mot Plus fluorescence microscope (Carl Zeiss Microimaging, Thornwood, NY) at 63ϫ (Plan Apochromat objectives, NA 1.4) using a cooled charge-coupled device Retiga Exi Fast 1394 camera (Qimaging, Burnaby, BC, Canada) and IPLab Spectrum software (Scanalytics, Billerica, MA). Unless otherwise noted, the results reported are from analysis of at least 100 cells and at least two separate experiments.
RNase Protection Analysis
Total RNA samples were prepared from cells using Trizol according to the manufacturer's protocol (Invitrogen). RNase A/T1 protection was carried out as described (Goodall et al., 1990) .
32 P (UTP)-labeled, antisense U3 and U1 probes were synthesized from EcoRI linearized plasmids (Ganot et al., 1997; Lund, 1988 ) using SP6 polymerase. The template for the hTR probe was generated by PCR amplification of an hTR plasmid (Fu and Collins, 2003) using the following oligos: 5Ј-AGCCGCGAGAGTCAGCTTGG-3Ј and 5Ј-AT-TTAGGTGACACTATAGAGGTGACGGATGCGCACGATC-3Ј. The antisense hTR probe was generated by in vitro transcription of this PCR product using SP6 polymerase.
RESULTS
Identification of hTERT as a Factor in Nuclear Trafficking of hTR
To better understand the mechanisms governing trafficking of hTR to Cajal bodies and telomeres, we tested a series of factors that distinguish cancer cells (tumor-derived cancer lines) from normal cells (isolated primary strains), beginning with hTR expression levels.
Although hTR is expressed in both normal and cancer cells, on average cancer cells contain twofold higher levels of hTR than normal cells (Yi et al., 1999 (Yi et al., , 2001 . To determine whether expression of higher levels of hTR could account for hTR accumulation at intranuclear foci (like Cajal bodies and telomeres), we transiently expressed a construct encoding hTR (Li et al., 2004) in IMR90 primary lung fibroblasts. On this construct, hTR is expressed from a strong U1 snRNA promoter, which produces elevated levels of functional hTR (Li et al., 2004) . The construct also encodes a GFP reporter gene, allowing us to determine which cells were transfected. After transfection, no hTR foci were observed in the GFPpositive cells; in fact, hTR exhibited the same diffuse localization pattern in transfected and untransfected cells ( Figure  1A ). Furthermore, expression of hTR from this same construct stably maintained in VA13 cells (an unusual cell line that lacks endogenous hTR transcripts; Bryan et al., 1997) produced higher hTR levels than are found in HeLa (cancer) cells ( Figure 1B) ; however, no hTR foci were observed in the stable VA13ϩhTR lines ( Figure 1A ). The results indicate that increased hTR levels are not sufficient for localization of hTR into subnuclear structures.
In addition to lower hTR levels, primary cell lines generally contain fewer well-formed Cajal bodies. Less than 10% of primary cells in a given population organize typical Cajal body constituents such as coilin into distinct Cajal bodies . In contrast, over 90% of cancer cell lines have at least one Cajal body per nucleus . Therefore, we increased Cajal body numbers in HME cells and IMR90 cells by the previously established method of culturing the cells at 32°C (instead of 37°C) for 24 h (CarmoFonseca et al., 1993) . Data for the HME cells is shown in Figure 1C . We confirmed that culturing at reduced temperature did not disrupt hTR localization in a cancer cell line (MCF7 breast cancer cells, Figure 1C ). As expected, growing primary cells at 32°C produced detectable Cajal bodies (monitored by coilin IF) in over 40% of cells examined.
However, no change in hTR localization was detectable in the HME and IMR90 cells grown at 32°C ( Figure 1C and data not shown), indicating that the presence of well-formed Cajal bodies is also not sufficient to bring about hTR localization to Cajal bodies (or other subnuclear structures).
Finally, we addressed these two factors in combination in the ALT (alternative lengthening of telomeres) cell lines IIICF-T/C3 and GM847. ALT cells are immortalized cell lines that do not have active telomerase and instead maintain telomeres by a telomerase-independent mechanism (Henson et al., 2002) . Importantly, these two cell lines express levels of hTR comparable to the commonly studied cancer line HeLa, and approximately one-third of these cells contain well-formed Cajal bodies (Figure 1B and Bryan et al., 1997) . As shown in Figure 1D , hTR does not accumulate within Cajal bodies in either IIICF-T/C3 or GM847 cells. These results confirm that hTR levels and the presence of well-formed Cajal bodies do not account for the accumulation of hTR at Cajal bodies and telomeres in cancer cells.
We then examined a series of three gene products that is known to transform primary cells to an oncogenic state: large T antigen of SV40, hTERT, and oncogenic Ras (Hahn et al., 1999; Elenbaas et al., 2001) . We examined these potential factors in a series of cell lines, each stably expressing one or more of the three proteins (Elenbaas et al., 2001) . The lines were derived from HME primary cells, which do not accumulate hTR in detectable intranuclear foci (Figure 2A , HME). Expression of all three of these gene products in HME cells results in the appearance of hTR in nucleoplasmic foci in approximately one-third of cells examined ( Figure  2A , HME ϩ hTERT ϩ large T ϩ onc. Ras). However, we found that coexpression of large T antigen and oncogenic Ras (in the absence of hTERT) did not induce hTR localization (Figure 2A ). At the same time, expression of hTERT alone was sufficient for the emergence of hTR foci (Figure 2 , HME ϩ hTERT), also producing hTR foci in one-third of cells examined. Finally, a similar pattern was observed in cells expressing both large T antigen and hTERT, whereas expression of large T antigen alone did not induce hTR localization (data not shown). Figure 2B shows that expression of hTERT in the HME cells did not produce a detectable increase in hTR levels. These results suggest that hTERT is important for the localization of hTR to specific nuclear foci and that this effect is not a consequence of increased hTR levels.
hTERT Expression Is Essential for Localization of hTR to Cajal Bodies
To determine whether hTERT may play a role in hTR localization specifically to Cajal bodies, we examined the effect of hTERT expression in HME cell lines cultured at 32°C (to increase the frequency of readily detectable Cajal bodies). Although no accumulation of hTR in Cajal bodies was observed in HME cells cultured at 32°C in the absence of ectopic hTERT expression ( Figure 1C) , we found that ap- proximately half of the Cajal bodies accumulated hTR in the HME cells expressing hTERT (Figure 3) . Similar results were observed with IMR90ϩhTERT cells (Figure 3 ). Additionally, we tested the effect of hTERT expression on hTR localization in the ALT line GM847, where Cajal bodies are more prevalent but hTR is also not found in Cajal bodies ( Figure 1D ). Upon stable expression of hTERT in the GM847 cells, hTR was found in nearly every Cajal body observed (Figure 3) . These results suggest that hTERT is important for the localization of hTR to Cajal bodies.
As a reciprocal approach, we knocked down expression of hTERT in HeLa and MCF7 cancer cells (where hTR is found in Cajal bodies) using RNA interference. Figure 4 shows data from the HeLa cell lines. We expressed a short hairpin RNA (shRNA) against the hTERT message and monitored hTERT knockdown efficiency by IF with an antibody against hTERT (Masutomi et al., 2003) . In the HeLa cells transfected with an empty vector (and in untransfected cells, data not shown), 5-20 small hTERT foci were observed in over 90% of nuclei ( Figure 4A, empty vector) . Expression of the hTERT shRNA eliminated detectable hTERT foci in over 70% of cells and reduced hTERT signals in the remainder, indicating effective hTERT knockdown ( Figure 4A, hTERT shRNA) .
We found that hTERT knockdown disrupted hTR localization to Cajal bodies in the cancer cell lines. We performed hTR FISH and coilin IF on cells expressing the hTERT shRNA and found no detectable hTR within Cajal bodies (or at any other nuclear sites) in over 70% of HeLa cells and reduced hTR signal intensity in other cells ( Figure 4B , hTERT shRNA). By comparison, hTR was observed in Cajal bodies in over 80% of untransfected cells and cells transfected with empty vector ( Figure 4B , empty vector; and data not shown). Importantly, RNase protection assays show that the effect on hTR localization to Cajal bodies is not attributable to a decline in hTR levels in the cells expressing the hTERT shRNA ( Figure 4C ). Similar results were seen with hTERT knockdown in MCF7 cancer cells where hTR was not observed in Cajal bodies in over 60% of cells (data not shown). Together, the findings presented here strongly indicate the importance of hTERT in the localization of hTR to Cajal bodies.
hTERT Promotes S phase-specific Recruitment of hTR to Telomeres As shown in Figure 2 , we found that hTERT induced the appearance of hTR foci in approximately one-third of normal cells in the absence of Cajal body induction, a pattern suggestive of hTERT-induced hTR localization to telomeres during S phase. First, to determine whether localization of hTR to these foci occurred during S phase, we performed hTR FISH in combination with BrdU labeling on normal cells ectopically expressing hTERT (IMR90ϩhTERT and HMEϩhTERT). Figure 5 shows data from the IMR90 cell lines. BrdU is incorporated into the DNA of cells undergoing DNA replication (i.e., cells in S phase) and distinct BrdU staining patterns are found in cells in early, mid, or late S phase (O'Keefe et al., 1992) . Ectopic expression of hTERT in the normal cells resulted in the appearance of hTR foci as was previously observed (Figure 2) , and we found that ϳ70% of the cells that contained the hTR foci were in S phase (Figure 5A , IMR90ϩhTERT; and data not shown). No hTR foci were found in IMR90 or HME cells lacking ectopic hTERT expression in S phase or any other stage of the cell cycle (Figure 5A, IMR90 ; and data not shown).
We quantified the relationship of the hTERT-induced hTR foci to the cell cycle in synchronized cells ( Figure 5B ). We synchronized IMR90 and IMR90ϩhTERT cells at the G1/S transition using a double thymidine block and analyzed cells at various time points after release by hTR FISH and BrdU labeling (to assess synchronization efficiency). The incidence of hTR foci in IMR90ϩhTERT cells peaks in mid-S phase (4 h after release from the block, assessed by BrdU staining, 79% of cells in S phase), where we found that 66% of cells contained hTR foci ( Figure 5B) . By 8 h after release (20% of cells still in S phase; majority of cells in G2), the frequency of cells with hTR foci had dropped to 18%. IMR90 cells do not display hTR foci in the absence of hTERT expression ( Figure 5A ) and the synchronization procedure did not induce the formation of hTR foci in IMR90 cells (data not shown). Together, the results indicate that hTR localization to the majority of the nuclear foci observed in hTERT-expressing normal cells occurs during S phase.
To determine whether the hTERT-induced hTR foci observed during S phase corresponded to telomeres, we performed hTR FISH in combination with IF using antibodies against the telomere-binding proteins TRF1 or TRF2 in IMR90ϩhTERT and HMEϩhTERT cells ( Figure 6A ). We found that hTR is present at telomeres in over 65% of the cells that have hTR foci. Localization of hTR to the telomere was only observed in BrdU-positive cells (data not shown), indicating that it is an S phase-specific event. In addition, we synchronized IMR90ϩTERT cells and found that greater than 90% of the hTR foci in S phase cells colocalize with telomeres (data not shown).
Finally, we examined hTR localization in VA13 ALT cells stably expressing both hTR and hTERT (VA13ϩhTRϩhTERT). As described above, VA13 cell lines are normally devoid of both hTR and hTERT (Bryan et al., 1997) and expression of hTR alone in VA13 cells resulted in no hTR foci (see VA13ϩhTR, Figure 1A ). In striking contrast, stable ectopic expression of hTR and hTERT in these cells results in numerous hTR foci, nearly all of which coincide with a telomere (as indicated by TRF2 staining; Figure 6B ).
As shown in Figure 4 , hTERT knockdown disrupted the accumulation of hTR in any detectable nuclear foci in cancer cells, indicating that hTERT is required for hTR localization to telomeres (as well as Cajal bodies). Taken together, our data suggest that hTERT expression is necessary and sufficient to enable localization of hTR to the telomere during S phase.
DISCUSSION
Current evidence suggests that the restriction of human telomerase activity to S phase of the cell cycle is accomplished by regulated trafficking of the enzyme. Access of both hTR and hTERT to the telomere is restricted to S phase Tomlinson et al., 2006) . Outside of S phase, the two components appear to be held primarily in separate intranuclear compartments: hTR in Cajal bodies and hTERT in other nuclear foci ("TERT foci"; Jady et al., 2006; Tomlinson et al., 2006) . Because trafficking appears to be a mechanism for cell cycle-based regulation of the activity of telomerase, we undertook studies to further understand the trafficking of hTR. We found that the localization of hTR to both Cajal bodies and telomeres depends on hTERT. These findings explain the presence of hTR at Cajal bodies and telomeres in the majority of cancer cells but not normal cells and identify hTERT as the molecular basis for this difference. Moreover, our results suggest that the intranuclear trafficking of telomerase is coupled to telomerase biogenesis or activity as described below.
Getting to Telomeres during S phase
hTR and hTERT function together as integral components of the telomerase enzyme. Previously, we and others found that both hTR and hTERT are specifically recruited to subsets of telomeres in cancer cells during S phase Tomlinson et al., 2006) , the time when telomeres are replicated and presumably extended by telomerase (Ten Hagen Wright et al., 1999; Marcand et al., 2000) . The current studies revealed that the trafficking of hTR to telomeres during S phase depends on hTERT. The simplest model suggested by these findings is that hTR is only transported to telomeres with hTERT as an assembled complex (Figure 7) . Consistent with this concept, we have also found that the localization of hTERT to telomeres depends on expression of telomerase RNA (manuscript in preparation). Moreover, biochemical and genetic studies in S. cerevisiae suggest that the localization of TERT (called Est2p in yeast) to telomeres also requires the expression of TR (TLC1 in yeast; Taggart et al., 2002; Fisher et al., 2004) . This model suggests that telomerase (i.e., hTR and hTERT) assembly occurs before transport to telomeres. However, it is also possible that our results reflect more complicated scenarios wherein hTERT levels indirectly influence the trafficking of hTR or a transient interaction of the two components contributes to hTR localization. Cajal Bodies and Telomerase hTR is observed in Cajal bodies throughout most of the cell cycle in cancer cells (Jady et al., 2004; Zhu et al., 2004; Tomlinson et al., 2006) and in this study we found that this localization depends on hTERT. Because hTERT does not appear to be present at Cajal bodies outside of S phase (Tomlinson et al., 2006) , it does not seem likely that cotransport to Cajal bodies as an assembled complex accounts for the hTERT dependence of hTR accumulation in Cajal bodies (though, it is possible that hTERT is present with hTR in Cajal bodies at concentrations below current detection limits). However, the observation that hTR accumulates in Cajal bodies only in the presence of hTERT points to a strong link between Cajal bodies and telomerase biogenesis. Although the mechanism by which hTERT promotes hTR trafficking is unclear, our results indicate that the localization of hTR to Cajal bodies is coordinated with ongoing or potential telomerase assembly (Figure 7) .
Based initially on the observation that telomerase RNA accumulates in Cajal bodies, Cajal bodies have been implicated in various aspects of telomerase biogenesis (Lukowiak et al., 2001; Jady et al., 2004 Jady et al., , 2006 Zhu et al., 2004; Tomlinson et al., 2006) . Evidence indicates that these subnuclear structures are general sites of RNP assembly and RNA modification (Gall, 2000 (Gall, , 2003 Cioce and Lamond, 2005; Matera and Shpargel, 2006) . Some evidence suggests that the assembly of telomerase may be mediated by the SMN (survival of motor neurons) complex, an RNP chaperone associated with Cajal bodies . SMN has been reported to interact with functional telomerase, and in particular with the telomerase-associated proteins Gar1 and hTERT (Bachand et al., 2002; Whitehead et al., 2002) . Our new findings-that hTR does not accumulate in Cajal bodies in cancer cells in the absence of hTERT and that hTERT expression can induce hTR targeting to Cajal bodies in normal cells-strongly support the idea that Cajal body localization is intimately connected to telomerase biogenesis.
The mechanisms involved in the targeting and retention of hTR at Cajal bodies are not fully understood. Mutational analysis has demonstrated the importance of a motif called the CAB (Cajal body) box (ugAG) for localization of hTR to Cajal bodies (Jady et al., 2004; Cristofari et al., 2007; Theimer et al., 2007) . The CAB box of hTR is located in a terminal loop in the CR7 domain of the molecule (Jady et al., 2004) . Our finding that hTR fails to accumulate at Cajal bodies in cells that do not express hTERT indicates that the function of the CAB box of hTR depends (directly or indirectly) on the hTERT protein. Direct interaction of hTERT with hTR may activate the function of the CAB box. However, the CAB box is also present in a subset of functionally unrelated scaRNAs (small Cajal body RNAs), and it is unlikely that hTERT is required for the Cajal body association of this class of RNAs Terns and Terns, 2006) .
Cajal bodies have also been proposed to function in the regulated delivery of telomerase to telomeres Tomlinson et al., 2006; Cristofari et al., 2007) . Cajal bodies are mobile within the nucleus and have been shown to interact with several chromosomal loci, including telomeres during S phase (Gall, 2000; Cioce and Lamond, 2005; Jady et al., 2006) . Recently, we found that mutations in the CAB box element of hTR that reduce association of hTR with Cajal bodies (Jady et al., 2004) also reduce the frequency of association of hTR with telomeres and lead to shorter average telomere length (relative to cells expressing a wild-type copy of hTR; Cristofari et al., 2007) . Because the CAB box mutations tested did not significantly affect hTR stability or ability to assemble into active enzyme in vivo, the results indicate that accumulation of hTR in Cajal bodies is critical in the localization of telomerase to telomeres.
The results of this study support the emerging paradigm of strong linkages between the physical trafficking pathways and biogenesis pathways of noncoding RNPs (see Matera et al., 2007) .
